All relevant data are within the paper and its Supporting Information files.

Introduction {#sec001}
============

Schmallenberg virus (SBV) is an arthropod-borne *Orthobunyavirus* of the Simbu serogroup (family *Bunyaviridae*), which affects domestic and wild ruminant species. The virus is mainly transmitted by biting midges of the genus *Culicoides*. In adult animals, the syndrome is acute and non-specific. In pregnant ruminants, however, infection can lead to abortions, stillbirths and congenital malformations in newborn animals \[[@pone.0182212.ref001]\]. Schmallenberg virus was first reported in North Rhine-Westphalia (Germany) in summer 2011. Since then, the virus has emerged and re-emerged in livestock in various European countries. Spain reported the first outbreak of Schmallenberg disease in March 2012, in a flock of sheep in the province of Cordoba (southern Spain) \[[@pone.0182212.ref002]\]. Fetal malformations observed in this flock included arthrogryposis, lordosis and cerebellar hypoplasia \[[@pone.0182212.ref003]\].

In the last few years, serosurveys have revealed widespread exposure to SBV among wild artiodactyl species in different European countries. SBV seropositivity has been detected in red deer (*Cervus elaphus*) (range 6.0%--71.4%), fallow deer (*Dama dama*) (ranging from 0.0% to 56.3%), roe deer (*Capreolus capreolus*) (ranging from 27.3% to 80.0%), Pyrenean chamois (*Rupicapra pyrenaica*) (7.6%), European bison *(Bison bonasus*) (range 76.1%--81.8%), Alpine chamois (*R*. *rupicapra*) (4.5%), elk (*Alces alces*) (22%), European mouflon (*Ovis aries musimon*) (range 0.0%--75.0%), Alpine ibex (*Capra ibex*) (33.3%) and wild boar (*Sus scrofa*) (range 15.3%--23.4%) \[[@pone.0182212.ref002]--[@pone.0182212.ref012]\]. The seroprevalence levels detected in wild artiodactyls raises the question of whether these species play a role in the epidemiology of SBV, as has previously been indicated in relation to bluetongue virus \[[@pone.0182212.ref013]\].

The geographical distribution of different wild artiodactyl species and population densities, particularly of red deer (*Cervus elaphus*) and wild boar (*Sus scrofa*), have increased substantially in Spain in recent decades \[[@pone.0182212.ref014], [@pone.0182212.ref015]\], which has led to the frequent sharing of habitats with domestic livestock and the subsequent increase in the risk of disease transmission \[[@pone.0182212.ref016]\]. Even though wild artiodactyls have been suggested as a potential reservoir of SBV, information about the role of wildlife in the transmission and maintenance of SBV in Mediterranean ecosystems is still very limited. In the context of growing and expanding wild ungulate populations, we hypothesized that these species may be implicated in the epidemiology of SBV in Mediterranean ecosystems. Three hypotheses were tested: a) SBV was circulating among Spanish wild artiodactyls before the first outbreak was reported in livestock; b) wild artiodactyls may act as a natural reservoir of SBV in Spain; c) SBV is endemic in this country, even though no outbreaks have been reported in livestock in the last few years.

Material and methods {#sec002}
====================

Ethics statement {#sec003}
----------------

This study did not involve purposeful killing of animals. No animals were specifically hunted for this study and ethical approval by an Institutional Animal Care and Use Committee was not deemed necessary. All samples were collected from legally hunted individuals, by authorized hunters with the correct permits and licenses and with the permission of landowners. Animals were sampled during the hunting season under Spanish and EU legislation. All collection of samples was performed following routine procedures before the design of this study, in compliance with the Ethical Principles in Animal Research. Protocols, amendments and other resources were completed according to guidelines approved by each regional autonomous government following the R.D.1337/2013 of the Ministry of Presidency of Spain (1st February 2013, BOE 8th February 2013) (<https://www.boe.es/diario_boe/txt.php?id=BOE-A-2013-1337>)).

Sampling {#sec004}
--------

A total of 1751 wild artiodactyls were sampled in 75 hunting areas in nine provinces located in south-central Spain (36° N---38° 60´ N, 1° 75´ W---7° 25´ W) between the hunting seasons 2006/2007 and 2014/2015 ([Fig 1](#pone.0182212.g001){ref-type="fig"}). The study area is characterised by a continental and Mediterranean climate, with mild winters, hot dry summers, and rainy seasons in the autumn and spring. This area presents one of the highest densities of wild artiodactyls in Spain due to intensive big game management \[[@pone.0182212.ref014], [@pone.0182212.ref015]\], with frequent sharing of habitats with livestock \[[@pone.0182212.ref017]\].

![Spatial distribution of SBV in wild artiodactyls in southern Spain.\
Black and white dots indicate positive and negative hunting areas, respectively. White triangles indicate SBV RNA-positive animals detected. Black square indicates the geographical location of the first SBV outbreak in livestock reported in Spain.](pone.0182212.g001){#pone.0182212.g001}

Blood was collected from red deer (n = 1066), fallow deer (n = 304), European mouflon (n = 192), wild boar (n = 109), roe deer (n = 49) and Spanish ibex (*Capra pyrenaica hispanica*) (n = 31). Seropositivity according to hunting season, species and province is shown in [S1 Table](#pone.0182212.s001){ref-type="supplementary-material"}. The animals were classified into three age groups based on tooth replacement: yearlings (\< 1 year old), sub-adults (between 1 and 3 years old) and adults (\> 3 years old) \[[@pone.0182212.ref018]\]. All samples were classified according to sex. Blood samples were taken from the thoracic cavity or by puncture of the dural venous sinuses, as previously described \[[@pone.0182212.ref019],[@pone.0182212.ref020]\]. Samples were placed into sterile tubes and centrifuged at 400 g for 15 minutes. Sera were stored at -20°C until tested. In addition, spleen samples were collected at necropsy for SBV RNA detection and stored at -80°C until required for analysis.

An epidemiological questionnaire, including data on the animals sampled and hunting areas, was also completed by direct interview with gamekeepers at each hunting ground. The questionnaires were specifically designed with closed-ended questions to avoid ambiguous or lengthy answers in data collection. Epidemiological information related to the sampled animals, sampling-site features and environmental features were included in the questionnaire to obtain information about levels of exposure to potential risk factors.

Laboratory analyses {#sec005}
-------------------

The presence of antibodies against the SBV N protein was determined using the commercial blocking enzyme-linked immunosorbent assay (bELISA R.13.SBV.K3 INgezim Schmallenberg Compac^®^, Ingenasa, Madrid, Spain) (sensitivity 98%, specificity 99%), according to the manufacturer's recommendations. bELISA was used for serological screening, and positive and doubtful sera by bELISA were tested by virus neutralisation test (VNT) as previously described, with minor modifications \[[@pone.0182212.ref021]\]. Briefly, sera were heat-inactivated and 2-fold diluted from 1:5 to 1:640. Fifty microliters of each dilution were mixed with an equal volume of EMEM containing 100 50% tissue culture infective doses (100 TCID50) of SBV (BH80/11-4, kindly provided by the Friedrich-Loeffler Institute, Germany), then incubated for one hour at 37°C. Approximately 15,000 Vero cells in 100μl of EMEM supplemented with 10% fetal calf serum were then added to each well. The plates were incubated for 3--5 days at 37°C under 5% CO~2~ atmosphere. The cells were examined by light microscopy at 3 and 6 days for the presence of SBV-specific cytopathogenic effects. To exclude individual serum toxicity, one control well without the virus was included. Positive controls (FLI-SBV 0112 positive sera) were included in each analysis. Titres were expressed as the reciprocal of the highest dilution that neutralised 100 tissue culture infective doses (100 TCID~50~) in Vero cells. Only samples that showed neutralisation (absence of cytopathic effect (CPE)) at dilutions ≥1:5 were considered positive. The cells were examined daily by light microscopy for the presence of SBV-specific cytopathogenic effects. Seropositivity was determined from samples positive by bELISA and VNT.

Testing for the presence of viral SBV RNA was performed on 255 spleen samples taken from wild artiodactyls sampled in hunting areas where at least one seropositive animal was detected. The spleen is considered a target tissue for SBV RNA detection in ruminants because viral RNA can be detected in it up to 5 weeks after infection \[[@pone.0182212.ref022]\]. Viral RNA was extracted directly from the spleen using a commercial kit (MagAttract^®^ 96cador^®^ Pathogen Kit QIAGEN). Samples were analysed using real-time reverse transcriptase-PCR (rRT-PCR) detecting a conserved region in the small (S) segment of the SBV genome \[[@pone.0182212.ref023]\]. Negative and positive (BH80/11-4) controls were included in each analysis.

Statistical analysis {#sec006}
--------------------

The estimated prevalence of antibodies against SBV was calculated from the ratio of positives to the total number of samples examined, using exact binomial confidence intervals (95%CI) \[[@pone.0182212.ref024]\]. Samples collected before the 2011/2012 hunting season, when the first seropositive animal was detected, were excluded to determine overall seroprevalence. In order to detect non-linear relationships and to standardise the scales of explanatory variables, continuous variables were categorized according to hunting management criteria for the variable "surface hunting area" (\< 1000 hectares and \> 1000 hectares), and using the 33 and 66 percentiles as cut-off points for the variable "distance to the nearest town" (\< 5 km, 5--10 km and \> 10km). Frequencies were computed and variables re-categorized on the basis of biological relevance when necessary. In order to prevent collinearity, Cramer's V coefficient between pairs of variables was computed and those with a coefficient greater than 0.60 were considered to be correlated and were not included together in the same model. When collinear variables were detected, only the variable with the a priori stronger biological association with SBV seropositivity was retained. Pearson's chi-square test or Fisher's exact, when there were fewer than six observations per category, was also applied for independence of explanatory variables according to outcome.

Associations between explanatory variables and SBV seropositivity were tested by fitting a mixed-effects logistic regression model to each of the study variables, allowing different intercepts for "hunting area". All statistically significant variables (likelihood ratio and Wald test, *P*-value \< 0.10) in the bivariate analysis were selected as potential risk factors. Finally, a mixed-effects logistic regression model with different intercepts for each hunting area was fitted in order to study the effect of the variables selected on the basis of bivariate analysis. SBV seropositivity was assumed to follow a binomial distribution. For forward model building, variables were included one at a time, starting with the variable with the lowest *P*-value in bivariate analysis. If two variables correlated with each other, only the variable with the strongest statistical association with the outcome was retained. At each step, the confounding effect of the included variable was assessed by computing the change in the odds ratio. Confounding variables were those that, when added to the model, changed the OR by more than 30%, and were forced into the final model regardless of their significance level. Potential two-way interactions between all the variables were tested for significance in the model. Akaike's Information Criterion (AIC) was used for model comparison and selection, with the lowest AIC indicating the best fit. Statistical analyses were performed using R open-source statistical software \[[@pone.0182212.ref025]\]. The libraries used from R statistical software were lmer4 \[[@pone.0182212.ref026]\], foreign \[[@pone.0182212.ref025]\], stats \[[@pone.0182212.ref025]\], vcd \[[@pone.0182212.ref027]\], arm \[[@pone.0182212.ref028]\], and tidyverse \[[@pone.0182212.ref029]\] as package wrapper.

Results {#sec007}
=======

A total of 179 (10.2%) of 1751 sera collected from wild artiodactyls tested positive for SBV by bELISA. Seven samples could not be analysed by the VNT due to serum cytotoxicity. Twelve sera were considered false positives because they were positive by bELISA but negative by VNT, so that the overall frequency of seropositives was 9.2% (160/1744). Between the 2006/2007 and the 2010/2011 hunting seasons, SBV antibodies were not detected in circulation. The overall seroprevalence in wild artiodactyls (including samples collected between the 2011/2012 and the 2014/2015 hunting seasons) was 14.6% (160/1099; 95%CI: 12.7--16.6). Mean SBV seroprevalence was 13.3±2.6% (87/653) in red deer, 23.9±4.2% (47/197) in fallow deer, 16.4±6.1% (23/140) in mouflon, and 2.8±3.1% (3/109) in wild boar. Seroprevalence was significantly higher in all wild ruminant species than in wild boar (*P* \< 0.001).

Seropositivity was significantly higher in the province of Cordoba (16.5%; 157/952) compared to Cadiz (4.2%; 2/48; Fisher's exact test = 5.19, *P* = 0.011) or Jaen (2.9%; 1/35; Fisher's exact test = 4.66, *P* = 0.016), the only provinces where SBV circulation was found ([Fig 1](#pone.0182212.g001){ref-type="fig"}). Twenty four out of 49 (48.9%) areas sampled during the 2011/2012 hunting season presented at least one seropositive animal. Seropositivity was found between 2011/2012 and 2014/2015. Seropositive yearlings were detected during the hunting seasons of 2012/2013 (nine red deer and one mouflon in Cordoba), 2013/2014 (one fallow deer in Cadiz) and 2014/2015 (three red deer and one fallow deer in Cordoba) ([Fig 1](#pone.0182212.g001){ref-type="fig"}).

A total of 17 explanatory variables were considered for the bivariate analysis of SBV seropositivity in wild artiodactyl species in Cordoba province (southern Spain) ([Table 1](#pone.0182212.t001){ref-type="table"}). Nine variables were finally selected from the bivariate mixed-effects model (*P* \< 0.10) ([Table 1](#pone.0182212.t001){ref-type="table"}). Sex was excluded from the multivariate analysis due to collinearity with the variable "species", while "presence of fallow deer" and "presence of domestic ruminants" showed collinearity with "surface of hunting area".

10.1371/journal.pone.0182212.t001

###### Explanatory variables included in the bivariate analysis of Schmallenberg virus seropositivity in wild artiodactyl species in Cordoba province, southern Spain.

![](pone.0182212.t001){#pone.0182212.t001g}

  Variable                                                                              Category      Seroprevalence (%)   N° positives/total   *P-*value
  ------------------------------------------------------------------------------------- ------------- -------------------- -------------------- -----------
                                                                                        Wild boar     2.8                  3/108                0.003
  Species[\*](#t001fn001){ref-type="table-fn"}                                          Red deer      15.7                 86/547               
                                                                                        Mouflon       17.2                 23/134               
                                                                                        Fallow deer   27.6                 45/163                
                                                                                        Yearlings     11.4                 14/123               0.014
  Age[\*](#t001fn001){ref-type="table-fn"}                                              Sub-adults    16.8                 52/310               
                                                                                        Adults        18.5                 89/481                
  Sex[\*](#t001fn001){ref-type="table-fn"}                                              Male          18.4                 114/621              0.006
                                                                                        Female        13.2                 43/326                
                                                                                        2011/2012     4.4                  7/158                \<0.001
  Hunting season[\*](#t001fn001){ref-type="table-fn"}                                   2012/2013     25.5                 41/161               
                                                                                        2013/2014     18.4                 44/239               
                                                                                        2014/2015     16.5                 65/394                
  Surface area of the hunting area (in hectares)[\*](#t001fn001){ref-type="table-fn"}   \< 1000       7.1                  20/283               \<0.001
                                                                                        \> 1000       20.5                 137/669               
  Supplementary feeding                                                                 No            7.0                  7/100                0.109
                                                                                        Yes           17.6                 150/852               
  Fenced                                                                                No            17.8                 120/673              0.471
                                                                                        Yes           13.3                 37/279                
  Restocking                                                                            No            16.4                 154/939              0.365
                                                                                        Yes           23.1                 3/13                  
  Distance to the nearest town                                                          \< 5km        21.1                 67/317               0.508
                                                                                        5--10 km      11.3                 35/310               
                                                                                        \>10 km       16.9                 55/325                
  High density of red deer[\*](#t001fn001){ref-type="table-fn"}                         No            4.9                  5/103                0.022
                                                                                        Yes           17.9                 152/849              
  Presence of fallow deer[\*](#t001fn001){ref-type="table-fn"}                          No            8.2                  35/425               \<0.001
                                                                                        Yes           23.1                 122/527               
  Presence of mouflon                                                                   No            15.6                 94/604               0.292
                                                                                        Yes           18.1                 63/348                
  Presence of domestic ruminants[\*](#t001fn001){ref-type="table-fn"}                   No            19.1                 150/786              0.001
                                                                                        Yes           4.2                  7/166                 
  Presence of rivers[\*](#t001fn001){ref-type="table-fn"}                               No            8.3                  20/241               0.040
                                                                                        Yes           19.3                 137/711               
  Presence of Mediterranean scrub                                                       No            9.9                  23/233               0.556
                                                                                        Yes           18.6                 134/719               
  Presence of dehesa                                                                    No            9.4                  13/138               0.781
                                                                                        Yes           17.7                 144/814               
  Presence of pine forest                                                               No            12.1                 28/231               0.914
                                                                                        Yes           17.9                 129/721               

\* Explanatory variables selected from the bivariate mixed-effects model (*P* \< 0.10).

The multivariate mixed-effects logistic regression model (AIC of 731) showed that the main risk factors potentially associated with the individual risk of infection by SBV in wild artiodactyls were: species (fallow deer, red deer and mouflon), age (adult) and interaction between surface area of the hunting ground (\>1000 hectares) and hunting season (2012/2013, 2013/2014 and 2014/2015) ([Table 2](#pone.0182212.t002){ref-type="table"}). Significantly higher seropositivity was found in hunting areas of more than 1000 hectares sampled during hunting seasons 2012/2013, 2013/2014 and 2014/2015, compared to those sampled during the 2011/2012 hunting season.

10.1371/journal.pone.0182212.t002

###### Results of the mixed-effects logistic regression model of risk factors associated with Schmallenberg virus seropositivity in wild artiodactyl species in Cordoba province (southern Spain).

![](pone.0182212.t002){#pone.0182212.t002g}

  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Variable                                                  Category                                                  *β*                                     Sig.                                    OR                                      95% CI                                  
  --------------------------------------------------------- --------------------------------------------------------- --------------------------------------- --------------------------------------- --------------------------------------- --------------------------------------- ---------------------------------------
                                                            2011/2012                                                 [\*](#t002fn001){ref-type="table-fn"}   [\*](#t002fn001){ref-type="table-fn"}                                                                                   

  Hunting season                                            2012/2013                                                 0.805                                   0.361                                                                                                                   

                                                            2013/2014                                                 -0.398                                  0.737                                                                                                                   

                                                            2014/2015                                                 0.656                                   0.316                                                                                                                   

  Surface hunting area                                      \< 1000 hectares                                          [\*](#t002fn001){ref-type="table-fn"}   [\*](#t002fn001){ref-type="table-fn"}                                                                                   

                                                            \> 1000 hectares                                          -1.255                                  0.150                                                                                                                   

                                                            Red deer                                                  2.087                                   0.001                                   8.06                                    2.32                                    28.00

                                                            Fallow deer                                               2.531                                   \<0.001                                 12.56                                   3.20                                    49.31

  Species                                                   Mouflon                                                   1.767                                   0.010                                   5.85                                    1.52                                    22.51

                                                            Wild boar                                                 [\*](#t002fn001){ref-type="table-fn"}   [\*](#t002fn001){ref-type="table-fn"}   [\*](#t002fn001){ref-type="table-fn"}   [\*](#t002fn001){ref-type="table-fn"}   [\*](#t002fn001){ref-type="table-fn"}

  Age                                                       Yearlings                                                 [\*](#t002fn001){ref-type="table-fn"}   [\*](#t002fn001){ref-type="table-fn"}   [\*](#t002fn001){ref-type="table-fn"}   [\*](#t002fn001){ref-type="table-fn"}   [\*](#t002fn001){ref-type="table-fn"}

  Sub-adults                                                0.663                                                     0.060                                   1.94                                    0.97                                    3.87                                    

  Adults                                                    1.056                                                     0.002                                   2.88                                    1.47                                    5.62                                    

  Hunting season[\*](#t002fn001){ref-type="table-fn"}\      2011/2012[\*](#t002fn001){ref-type="table-fn"}\>1000 ha   [\*](#t002fn001){ref-type="table-fn"}   [\*](#t002fn001){ref-type="table-fn"}   [\*](#t002fn001){ref-type="table-fn"}   [\*](#t002fn001){ref-type="table-fn"}   [\*](#t002fn001){ref-type="table-fn"}
  Surface of hunting area                                                                                                                                                                                                                                                             

  2012/2013[\*](#t002fn001){ref-type="table-fn"}\>1000 ha   3.426                                                     0.002                                   30.73                                   3.45                                    273.42                                  

  2013/2014[\*](#t002fn001){ref-type="table-fn"}\>1000 ha   3.201                                                     0.016                                   24.76                                   1.78                                    343.24                                  

                                                            2014/2015[\*](#t002fn001){ref-type="table-fn"}\>1000 ha   1.800                                   0.045                                   6.03                                    1.03                                    35.19
  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

\* Reference category; OR. Odds ratio; 95% CI. 95% Confidence interval.

SBV RNA was detected in three out of 255 wild ruminants analysed (1.2%). The three animals positive by rRT-PCR were sampled in the province of Cordoba ([Fig 1](#pone.0182212.g001){ref-type="fig"}). SBV-RNA-positive animals included one adult red deer sampled in the 2011/2012 hunting season, and one sub-adult fallow deer and one yearling red deer, both from the same hunting area, sampled in the 2014/2015 hunting season.

Discussion {#sec008}
==========

Our findings confirm that wild artiodactyls were actively exposed to SBV in southern Spain during the period 2011 to 2015. Because the sample size was not geographically homogeneous, differences in seroprevalence between provinces may be associated with a certain sampling bias. Nevertheless, we detected seropositivity in three of the nine provinces analysed. Furthermore, seropositive animals were detected in 32.0% of the 75 hunting areas (48.9% of the 49 areas sampled in the 2011/2012 hunting season), which indicates widespread circulation of SBV among wild artiodactyl populations in the study area. The high seroprevalence detected in the province of Cordoba, particularly in the 2012/2013 hunting season, is in line with the first SBV outbreak among sheep in Spain in March 2012 \[[@pone.0182212.ref030]\].

In Spain, SBV infection and seroconversion have been reported in domestic and wild ruminant species in different regions of the country \[[@pone.0182212.ref031]--[@pone.0182212.ref034]\]. Our results confirm the susceptibility of red deer, fallow deer, mouflon and wild boar to SBV exposure. SBV seropositivity was determined only from samples positive by both bELISA and VNT. Several sera positive by bELISA could not be tested by VNT due to serum cytotoxicity, so that seroprevalence may have been slightly underestimated. The seroprevalence found indicates circulation of SBV in these species and is in keeping with previous reports in other European countries ([Table 3](#pone.0182212.t003){ref-type="table"}). The absence of seropositivity observed in roe deer and Spanish ibex was not unexpected, given that all samples from these species were collected before the 2011/2012 hunting season when the virus was first reported in both wild and domestic ruminants. High seroprevalence, ranging between 27.3% and 80.0%, was recently detected in roe deer in different regions of Spain during the 2013--2014 period ([Table 3](#pone.0182212.t003){ref-type="table"}).

10.1371/journal.pone.0182212.t003

###### Prevalence of Schmallenberg virus antibodies in different wild artiodactyl species in Europe.

![](pone.0182212.t003){#pone.0182212.t003g}

  -----------------------------------------------------------------------------------------------------------------------
  \             \                \            No. positives/No. analysed   Analysis method   Reference
  Species       Country          Period                                                      
  ------------- ---------------- ------------ ---------------------------- ----------------- ----------------------------
  Fallow deer   United Kingdom   2012         9/16 (56.3%)                 ELISA             \[[@pone.0182212.ref004]\]

  Fallow deer   Poland           2011--2012   0/16 (0.0%)                  ELISA             \[[@pone.0182212.ref005]\]

  Fallow deer   Poland           2013--2014   81/256 (22.7%)               ELISA/VNT         \[[@pone.0182212.ref006]\]

  Fallow deer   Sweden           2012--2016   13/44 (29.5%)                ELISA/VNT         \[[@pone.0182212.ref012]\]

  Fallow deer   Spain            2011--2015   47/197 (23.9%)               ELISA/VNT         Present study

  Red deer      Italy            2007--2013   21/352 (6.0%)                ELISA/VNT         \[[@pone.0182212.ref007]\]

  Red deer      France           2010--2012   87/486 (17.9%)               ELISA             \[[@pone.0182212.ref009]\]

  Red deer      Poland           2010--2013   15/69 (21.7%)                ELISA             \[[@pone.0182212.ref004]\]

  Red deer      Belgium          2011         -/- (40.5%)                  ELISA             \[[@pone.0182212.ref035]\]

  Red deer      France           2011--2014   376/983 (38.3%)              ELISA             \[[@pone.0182212.ref010]\]

  Red deer      United Kingdom   2012         5/7 (71.4%)                  ELISA             \[[@pone.0182212.ref004]\]

  Red deer      Italy            2012--2013   21/52 (40.3%)                ELISA/VNT         \[[@pone.0182212.ref007]\]

  Red deer      Poland           2013--2014   44/176 (30.6%)               ELISA/VNT         \[[@pone.0182212.ref006]\]

  Red deer      Sweden           2012--2016   4/22 (18.2%)                 ELISA/VNT         \[[@pone.0182212.ref012]\]

  Red deer      Spain            2011--2015   87/653 (13.3%)               ELISA/VNT         Present study

  Mouflon       Spain            2011--2013   0/75 (0.0%)                  ELISA/VNT         \[[@pone.0182212.ref032]\]

  Mouflon       Germany          2011--2014   33/44 (75%)                  ELISA/VNT         \[[@pone.0182212.ref036]\]

  Mouflon       France           2012--2014   27/73 (37.0%)                ELISA             \[[@pone.0182212.ref010]\]

  Mouflon       Poland           2013--2014   1/71 (1.4%)                  ELISA/VNT         \[[@pone.0182212.ref006]\]

  Mouflon       Spain            2011--2015   23/140 (16.4%)               ELISA/VNT         Present study

  Wild boar     Belgium          2011--2012   133/700 (19%)                \-                \[[@pone.0182212.ref037]\]

  Wild boar     Italy            2012--2013   25/107 (23.4%)               ELISA/VNT         \[[@pone.0182212.ref008]\]

  Wild boar     Germany          2011--2014   224/1462 (15.3%)             ELISA/VNT         \[[@pone.0182212.ref036]\]

  Wild boar     Spain            2011--2015   3/109 (2.8%)                 ELISA/VNT         Present study

  Roe deer      Belgium          2010--2011   97/211 (45.9%)               ELISA             \[[@pone.0182212.ref035]\]

  Roe deer      France           2011--2014   371/746 (49.7%)              ELISA             \[[@pone.0182212.ref010]\]

  Roe deer      Spain            2013         4/5 (80%)                    ELISA/VNT         \[[@pone.0182212.ref032]\]

  Roe deer      Spain            2013--2014   40/75 (53.3%)                ELISA             \[[@pone.0182212.ref034]\]

  Roe deer      Sweden           2012--2016   3/11 (27.3%)                 ELISA/VNT         \[[@pone.0182212.ref012]\]

  Roe deer      Spain            2011--2015   0/49 (0.0%)                  ELISA/VNT         Present study
  -----------------------------------------------------------------------------------------------------------------------

The temporal trend in SBV seroprevalence is not homogeneous. As expected, seropositivity was not found between the 2006/2007 and 2010/2011 hunting seasons. The first seropositive animal detected was an adult red deer sampled in Cordoba province in October 2011. SBV RNA was also detected in one adult red deer sampled in November 2011. Our results confirm that SBV was circulating in wild ruminant populations in Spain at least five months before the first case was officially reported in livestock in Spain \[[@pone.0182212.ref030]\], which is consistent with the seropositivity detected in sheep in the same region and period \[[@pone.0182212.ref031]\]. Interestingly, SBV circulation was detected in wild ruminants in southern Spain in the same year that the virus was first reported in livestock in Germany \[[@pone.0182212.ref038]\]. Even though the movement of infected animals from northern Europe during 2011 cannot be ruled out, our results support the hypothesis of the appearance of SBV within a limited time period in different European countries.

The final multivariate mixed-effects logistic regression identified species, age, and interactions between hunting season and surface hunting as risk factors for SBV exposure in wild artiodactyls in Spain. The results showed a significantly higher SBV seropositivity in all wild ruminant species compared to wild boar. Even though antibodies against SBV have been detected in swine ([Table 3](#pone.0182212.t003){ref-type="table"}), experimental infection of domestic pigs did not lead to virus replication and transmission, suggesting that suidae do not play a relevant role in the transmission of SBV \[[@pone.0182212.ref039]\].

The significantly higher seropositivity detected in adult animals probably reflects the greater exposure of this age group over time and the lifelong persistence of SBV antibodies. The results coincide with those previously reported in wild artiodactyl species \[[@pone.0182212.ref006],[@pone.0182212.ref010],[@pone.0182212.ref035]\]. SBV antibodies can be detected for at least 24 months post-infection in naturally infected cattle \[[@pone.0182212.ref040]\]. The persistence of maternal antibodies against SBV in calves is less than 6 months \[[@pone.0182212.ref040]\]. In our study, all seropositive yearling individuals were older than 8 months, so that antibodies detected in these animals were probably associated with active immunity, which indicates SBV circulation between the 2012/2013 and 2013/2014 hunting seasons. Seropositivity was significantly increased in hunting areas of more than 1000 hectares during the hunting seasons 2012/2013, 2013/2014 and 2014/2015 compared to the 2011/2012 hunting season. Prevalence of antibodies against SBV peaked in the 2012/2013 hunting season (25.5%), which may be due to the emergence of the virus, as well as a high percentage of susceptible animals in this period. Seroprevalence decreased during the 2013/2014 (18.4%) and 2014/2015 (16.5%) hunting seasons. Due to mortality by SBV infection has not been detected in adult ruminant species, these results may be explained by the circulation of SBV at lower level after its emergence in Spain and the incorporation of seronegative young individuals to the population during the following hunting seasons. It has been suggested that the lower seroprevalence observed in wild artiodactyls after the first SBV epidemic in livestock was associated with herd immunity \[[@pone.0182212.ref010]\]. Further longitudinal studies are needed to assess with more detail the effect of the hunting season in the temporal dynamic of SBV in the wild ungulate populations in Spain.

The presence of SBV RNA in red deer and fallow deer confirms the susceptibility of red deer and fallow deer to SBV infection. To the best of our knowledge, this is the first time SBV RNA has been detected in these species. The low frequency of SBV RNA-positive animals is consistent with the short duration of viraemia detected in domestic ruminants \[[@pone.0182212.ref022],43,[@pone.0182212.ref041]\]. The presence of SBV RNA-positive animals confirms the circulation of the virus during the years 2011 and 2015.

In conclusion, the results obtained indicate that wild artiodactyls may act as potential natural reservoirs of SBV in Spain. The detection of antibodies against SBV during the 2011/2012 to 2014/2015 hunting seasons and the presence of seropositivity in juvenile animals during the 2012/2013 and 2013/2014 hunting seasons suggest uninterrupted, endemic circulation of SBV in southern Spain between 2011 and 2015. Seroprevalence level detected in young animals, suggest that SBV has circulated at low level in Spain since its emergence in 2012. Because wild and domestic ruminants in the studied region frequently share the same habitats, continuous transmission of SBV among wild ruminants may increase the risk of spillback transmission to livestock \[[@pone.0182212.ref010]\]. Serological and virological results indicate that SBV was circulating in wild ruminant populations in Spain in the same period when the virus was first reported in livestock in Germany, and months before the first outbreak was confirmed in Spain. Serosurveillance for wild artiodactyls, particularly yearling fallow deer and red deer, would be a useful tool for detection of SBV circulation, especially in areas where vaccination programs have been implemented in livestock.
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